c Mycobacterium tuberculosis persists in the tissues of mammalian hosts despite inducing a robust immune response dominated by the macrophage-activating cytokine gamma interferon (IFN-␥). We identified the M. tuberculosis phosphate-specific transport (Pst) system component PstA1 as a factor required to resist IFN-␥-dependent immunity. A ⌬pstA1 mutant was fully virulent in IFN-␥ ؊/؊ mice but attenuated in wild-type (WT) mice and mice lacking specific IFN-␥-inducible immune mechanisms: nitric oxide synthase (NOS2), phagosome-associated p47 GTPase (Irgm1), or phagocyte oxidase (phox). These phenotypes suggest that ⌬pstA1 bacteria are sensitized to an IFN-␥-dependent immune mechanism(s) other than NOS2, Irgm1, or phox. In other species, the Pst system has a secondary role as a negative regulator of phosphate starvation-responsive gene expression through an interaction with a two-component signal transduction system. In M. tuberculosis, we found that ⌬pstA1 bacteria exhibited dysregulated gene expression during growth in phosphate-rich medium that was mediated by the two-component sensor kinase/response regulator system SenX3-RegX3. Remarkably, deletion of the regX3 gene suppressed the replication and virulence defects of ⌬pstA1 bacteria in NOS2 ؊/؊ mice, suggesting that M. tuberculosis requires the Pst system to negatively regulate activity of RegX3 in response to available phosphate in vivo. We therefore speculate that inorganic phosphate is readily available during replication in the lung and is an important signal controlling M. tuberculosis gene expression via the Pst-SenX3-RegX3 signal transduction system. Inability to sense this environmental signal, due to Pst deficiency, results in dysregulation of gene expression and sensitization of the bacteria to the host immune response.
M
ycobacterium tuberculosis is a persistent pathogen that can survive in the lungs of infected hosts for decades in a subclinical latent state. M. tuberculosis persists despite inducing a robust adaptive immune response. The immune response contains M. tuberculosis in the majority of individuals who become infected and is essential to maintain bacterial latency, since reactivation is associated with factors that reduce immune system function (1) . The macrophage-activating cytokine gamma interferon (IFN-␥), produced by CD4 ϩ and CD8 ϩ T cells, is a central component of the immune response to M. tuberculosis. In humans, susceptibility to mycobacterial infections is associated with naturally occurring mutations affecting IFN-␥ or the IFN-␥ receptor (2) or depletion of T cell populations (1) . Mice infected with M. tuberculosis develop a chronic persistent infection of the lungs that is restrained by adaptive immunity. Gene knockout mice that are deficient for either IFN-␥ or the IFN-␥ receptor fail to control M. tuberculosis replication in the lungs and succumb rapidly (3, 4) .
In the lungs, M. tuberculosis survives and replicates within professional phagocytes, including macrophages and dendritic cells (5) . Macrophages deploy a diverse set of microbicidal functions to kill invading microbes, some of which are dependent on IFN-␥ activation (6) . IFN-␥ stimulates production of reactive oxygen species (ROS) by phagocyte oxidase (phox) and reactive nitrogen species (RNS) by inducible nitric oxide synthase (NOS2) (7) . Although mice lacking the gp91 subunit of phox are no more susceptible than wild-type animals to M. tuberculosis infection (8) , the bacteria presumably do encounter ROS because mutants have been identified that are attenuated in a phox-dependent manner (9, 10) . In contrast, it is clear that RNS mediate resistance to murine tuberculosis because NOS2-deficient mice fail to control bacterial replication in the lungs and succumb rapidly (11) . In mice, IFN-␥ also stimulates the immunity-related p47 GTPases that are required to control infections with diverse intracellular pathogens (12) . The Irgm1 GTPase (formerly LRG-47) is recruited to the mycobacterial phagosome (13) , where it promotes maturation and acidification (14) . Irgm1-deficient mice are highly susceptible to M. tuberculosis because they fail to control bacterial replication in the lungs (14) .
Despite this arsenal of host defenses, M. tuberculosis can persist indefinitely in the lungs, suggesting the existence of mechanisms to counteract the antimicrobial functions that are activated by IFN-␥. Indeed, M. tuberculosis resists RNS and ROS generated in IFN-␥-activated macrophages by producing enzymes that detoxify these compounds and by expressing factors that repair or degrade damaged cellular components (15) . M. tuberculosis also uses specific resistance mechanisms to counteract the acidic pH encountered in maturing phagosomes (16) .
In a previous report, we described a strategy to identify M. tuberculosis genes that are required to counteract IFN-␥-dependent host immune responses using differential signature-tagged mutagenesis (17) . According to this strategy, we selected transposon insertion mutants that were capable of progressive replication in the lungs of IFN-␥ Ϫ/Ϫ mice but not in the lungs of NOS2 Ϫ/Ϫ mice. These mutants were presumed to have a defect in resisting an IFN-␥-dependent immune mechanism other than RNS generated by NOS2. Here, we report the characterization of M. tuberculosis PstA1, a putative counterimmune factor identified using this approach.
The Pst system is a high-affinity, low-velocity ABC-type transporter that utilizes energy provided by ATP hydrolysis to import inorganic phosphate (P i ) across the cytoplasmic membrane. The Pst system comprises two membrane-spanning proteins (PstA and PstC), an extracellular high-affinity P i binding protein (PstS), and a cytoplasmic ATPase (PstB) (18) . Bacteria use the Pst transporter to scavenge P i under conditions of P i limitation, and some pathogens require the Pst system for virulence (19) . The M. tuberculosis genome encodes two putative Pst P i uptake systems and a third paralog of PstS (20) . Previous reports demonstrated that the M. tuberculosis Pst system components PstS3, PstC2, PstA1, and PhoT (a PstB ortholog) are required for survival in macrophages (21) and that PstS2 and PstS1 are required for replication in the lungs of mice (22) .
In some bacterial species, the Pst system also controls gene expression in response to external P i concentration by interacting with a two-component signal transduction system (19) . Although the molecular mechanisms are not fully understood, the Pst system negatively regulates the expression of P i -responsive genes during growth in P i -rich conditions. Null mutations in the Pst system result in constitutive expression of the P i starvation-responsive regulon (18) . In mycobacteria, the SenX3-RegX3 twocomponent signal transduction system has been implicated in P iresponsive transcriptional regulation (23, 24) , but it is unknown how the activity of this system is controlled. Here, we show that M. tuberculosis PstA1 is essential for virulence in mice and persistence in the face of IFN-␥-dependent host immunity. We also demonstrate a hitherto unappreciated role of the M. tuberculosis Pst system in regulating gene expression in response to P i availability. We show that aberrant gene expression in ⌬pstA1 mutant bacteria is mediated by the response regulator RegX3 and is responsible for hypersensitivity of the ⌬pstA1 mutant to stress conditions in vitro and to host immune responses in vivo. Our results implicate P i as an important signal regulating the expression of bacterial factors that are critical for persistence in an immunocompetent host.
MATERIALS AND METHODS
Bacterial strains and culture conditions. M. tuberculosis Erdman and derivative strains were grown at 37°C in Middlebrook 7H9 (Difco) liquid culture medium supplemented with 10% albumin-dextrose-saline (ADS), 0.5% glycerol, and 0.1% Tween 80 or on Middlebrook 7H10 (Difco) solid culture medium supplemented with 10% oleic acid-albumin-dextrose-catalase (OADC) (BD Biosciences) and 0.5% glycerol. Frozen stocks were prepared by growing liquid cultures to mid-exponential phase (optical density at 600 nm [OD 600 ] of 0.6 to 0.8), adding glycerol to 15% final concentration, and storing aliquots at Ϫ80°C. For phosphatelimiting (P i -free) 7H9 broth, a 100ϫ liquid stock of 7H9 base was reconstituted without addition of the P i -buffering components (Na 2 HPO 4 and KH 2 PO 4 ). The 1ϫ P i -free 7H9 was made with 0.5% glycerol, 10% ADS, 0.1% Tween 80, and 50 mM MOPS (morpholinepropanesulfonic acid) buffer, pH 6.6.
Cloning of deletion and complementation constructs. Constructs for deletion of pstA1 and regX3 or for creating the regX3D52A point mutant (with an Asp-to-Ala change at position 52 encoded by regX3) were generated in the allelic exchange vector pJG1100 (25) or pJG1111b (26) , which contain the aph (kanamycin resistance), hyg (hygromycin resistance), and sacB (sucrose sensitivity) markers (see Table S1 in the supplemental material). The pJG1111b vector additionally contains lacZ under the control of the M. tuberculosis antigen 85 promoter. Genomic regions 500 to 800 bp upstream and downstream of the genes to be deleted were PCR amplified from M. tuberculosis Erdman genomic DNA using the oligonucleotides listed in Table S2 in the supplemental material, cloned in pCR2.1-TOPO (Invitrogen), and sequenced. Reverse primers for amplification of the upstream regions were designed with an AvrII restriction site in-frame with the translation start codon. Forward primers for amplification of the downstream regions were designed with an AvrII restriction site in-frame with the stop codon. The upstream and downstream fragments were removed from pCR2.1 by restriction with PacI/AvrII or AvrII/AscI, respectively, and ligated together in pJG1100 or pJG1111b between the PacI and AscI sites to generate in-frame deletion constructs. The pstA1 upstream and downstream regions were ligated together to create the ⌬pstA1 construct pMK201, encoding the first 3 amino acids of PstA1 fused to the last 6 amino acids of PstA1 (see Table S1 ). The regX3 upstream and downstream regions were ligated together to create the ⌬regX3 construct pAT205, encoding the first 10 amino acids of RegX3 fused to the last 3 amino acids of RegX3 (see Table S1 ).
The regX3D52A point mutation was generated using splicing-byoverlap extension PCR (27) . DNA fragments 600 bp upstream and downstream of the mutation were PCR amplified from M. tuberculosis Erdman genomic DNA using primers R1 and F2 harboring a single base pair change that converts a GAT codon for aspartate to a GCT codon for alanine (see Table S2 in the supplemental material). These DNA fragments were annealed together by complementary sequences in the R1 and F2 primers and PCR amplified with the F1 and R2 primers. The resulting product was cloned in pCR2.1-TOPO and sequenced. The insert containing the A-to-C point mutation was digested from pCR2.1 with PacI and AscI and ligated to similarly digested pJG1100 to generate the regX3D52A point mutation construct pAT212 (see Table S1 in the supplemental material).
For the ⌬pstA1 complementing plasmid, the pstS3C2A1 operon promoter (367 bp 5= to the translational start site of pstS3) plus the first 34 codons of pstS3 were PCR amplified from M. tuberculosis Erdman genomic DNA using primers pstL1promF and pstL1promR. The last 20 codons of pstC2 and the entire pstA1 gene were PCR amplified from M. tuberculosis Erdman genomic DNA using primers pstA1comF and pstA1comR (see Table S2 in the supplemental material). These PCR products were digested with SalI/EcoRI and EcoRI/AvrII, respectively, and ligated together in the episomal vector pMV261 between the SalI and AvrII restriction sites to generate pMK205 (see Table S1 in the supplemental material). This construct encodes the first 34 amino acids of PstS3 fused in-frame to the last 19 amino acids of PstC2, followed by the complete pstA1 open reading frame; thus, pstA1 expression is controlled by the native transcriptional and translational signals.
For regX3 complementation, the regX3 gene plus all putative regulatory elements, including 210 bp upstream of senX3, were PCR amplified from M. tuberculosis ⌬senX3 genomic DNA using primers SRCF2 and SRCR (see Table S2 in the supplemental material). The PCR product was cloned in pCR2.1-TOPO and sequenced. The insert was removed by digestion with EcoRI and HindIII and cloned in similarly digested pND200, a derivative of the integrative vector pMV361 that lacks the hsp60 promoter, to generate pAT213 (see Table S1 in the supplemental material).
M. tuberculosis strain construction. M. tuberculosis strains harboring unmarked in-frame ⌬pstA1 or ⌬regX3 deletions or the regX3D52A point mutation were constructed by a two-step homologous recombination method for allelic exchange (28, 29) using vector pMK201, pAT205, or pAT212, respectively. These plasmids were recombined into the wild-type M. tuberculosis Erdman chromosome (pMK201) or the M. tuberculosis ⌬pstA1 chromosome by electroporation with 1 to 2 g of purified plasmid DNA. Electrocompetent M. tuberculosis was prepared by growing strains to mid-exponential phase (OD 600 0.6 to 1.0) in 7H9 broth, adding 0.1 volume of 2 M glycine, incubating for an additional 20 to 24 h at 37°C, washing in 10% glycerol (1ϫ volume twice followed by 0.5ϫ volume once), and resuspending in 1/20 volume 10% glycerol. Transformants were grown for 24 h in 7H9 broth prior to selection of recombinants on 7H10 agar containing kanamycin (15 g/ml) and hygromycin (50 g/ ml). Kan r Hyg r colonies were picked and grown to mid-exponential phase in 7H9 broth without antibiotics. Integration of the constructs at the correct chromosomal locus was confirmed by PCR on heat-inactivated cell lysates using the following primer pairs: for ⌬pstA1 upstream, A1F3/ A1R4; for ⌬pstA1 downstream, A1F4/A1R3; for ⌬regX3 upstream, RXF3/ RXR4; for ⌬regX3 downstream, RXF4/RXR5; for regX3D52A upstream, dRX3F1/pJGR; and for regX3D52A downstream, pJGF/DAEQR4 (see Table S2 in the supplemental material). Clones that contained the allelic exchange vector integrated at the correct locus were plated on 7H10 agar containing 2% sucrose for counterselection of the pJG1111 or pJG1100 vector. Sucrose-resistant clones were grown in 7H9 broth, and isolates in which the deletion replaced the wild-type allele were identified by PCR with the following primer pairs: for ⌬pstA1, A1F3/A1R3, and for ⌬regX3, RXF3/RXR5 (see Table S2 ). For the regX3D52A point mutation, excision of the pJG1100 vector was confirmed by PCR with primer pair dRX3F1/ DAEQR4 (see Table S2 ). The presence of the point mutation was confirmed by sequencing of the PCR product.
The ⌬pstA1 mutant was complemented by electroporation with pMK205 (pMV-pstA1) and selection of transformants on 7H10 agar containing kanamycin (15 g/ml). The ⌬regX3 mutant was complemented by electroporation with pAT213 (pND-regX3), an integrating plasmid containing regX3 under the control of the senX3-regX3 promoter, and selection of transformants on 7H10 agar containing kanamycin (15 g/ml). The presence of the complementing plasmid was confirmed by PCR amplification with primer pair D52AF2/SRCR. Southern hybridization. Genomic DNA was extracted from M. tuberculosis Erdman and ⌬pstA1 strains and digested overnight with restriction enzyme KpnI, PstI, or XhoI. Digested DNA was separated by electrophoresis on a Tris-acetate-EDTA (TAE) agarose gel and transferred to Hybond Nϩ nylon membrane (Amersham). An ϳ200-bp probe downstream from the ⌬pstA1 deletion was generated by PCR amplification from M. tuberculosis Erdman genomic DNA using primers pstA1KOF2 and pstA1del2R (see Table S2 in the supplemental material). The probe was labeled with 32 P using the Megaprime labeling system (Amersham) and purified on a ProbeQuant G-50 microcolumn (Amersham). The blot was blocked in Rapid-Hyb buffer (Amersham) and probed with the 32 Plabeled PCR product for 2.5 h at 65°C. The membrane was washed according to the manufacturer's instructions. Autoradiographic films (Kodak) were exposed to the blot for 1 to 2 h and developed on an automatic film processor.
Analysis of PDIM production. M. tuberculosis strains grown to midexponential phase (OD 600 0.5) were labeled with 10 Ci [ 14 C]propionate (specific activity, 54 Ci/mol; Amersham), which is preferentially incorporated into phthiocerol dimycocerosate (PDIM), for 48 h (30) . Apolar lipids were extracted from labeled cells essentially as described previously (31) . Labeled cells were collected by centrifugation (2,500 ϫ g for 10 min) and resuspended in 5 ml of 10:1 (vol/vol) methanol-0.3% NaCl. Lipids were extracted twice in 5 ml petroleum ether by vigorous vortexing followed by centrifugation (750 ϫ g for 10 min) to separate the phases. After each extraction, the upper layer containing the apolar lipid fraction was collected and remaining bacteria were killed by the addition of an equal volume of chloroform and incubation for 1 h at room temperature. The pooled 14 C-labeled apolar lipid fractions were concentrated by evaporation overnight in a chemical fume hood, spotted (20 l) on an aluminum silica gel 60 F 254 thin-layer chromatography (TLC) plate (Merck), and developed in 9:1 petroleum ether-diethyl ether. The plates were air dried, and the 14 C-labeled spots were detected using a phosphor screen (Amersham) and PhosphorImager Typhoon 9400 imaging system (Amersham).
Mouse infections. Male and female C57BL/6, IFN-␥
Ϫ/Ϫ , NOS2 Ϫ/Ϫ , and gp91
phoxϪ/Ϫ mice 6 to 8 weeks of age were purchased from Charles River Laboratories, France, or Jackson Laboratory, United States.
Irgm1
Ϫ/Ϫ mice (32) were bred under specific-pathogen-free conditions at the EPFL Center of Phenogenomics. Mice were infected via the aerosol route with ϳ100 CFU using a custom-built aerosol chamber, as described previously (25) . Bacteria were grown to mid-exponential phase (OD 600 of 0.5) in 7H9 broth, collected by centrifugation (2,500 ϫ g for 10 min), and resuspended in an equal volume of phosphate-buffered saline containing 0.05% Tween 80 (PBS-T). Clumps were removed by low-speed centrifugation (150 ϫ g for 5 min). The declumped supernatant was adjusted to an OD 600 of 0.05 in PBS-T (ϳ5 ϫ 10 7 CFU/ml), and CFU were enumerated by plating serially diluted aliquots on 7H10 agar and incubating at 37°C for 3 to 4 weeks. Mice were infected via the aerosol route with ϳ100 CFU using a custom-built aerosol chamber (University of Wisconsin, Madison, Department of Mechanical Engineering) with a 15-min exposure time as described previously (33) . Groups of infected mice (n ϭ 4) were euthanized by CO 2 overdose at specified time points postinfection. Lungs were removed aseptically and homogenized in 3 ml PBS-T. Bacterial CFU were enumerated by plating serially diluted lung homogenates on 7H10 agar containing 100 g/ml cycloheximide and counting colonies after 3 to 4 weeks at 37°C. For survival experiments, groups of infected mice (n ϭ 4 to 8) were monitored closely and those animals showing signs of illness (ruffled fur, immobility, hunched posture, and labored breathing) were sacrificed by CO 2 overdose and scored as "died." The animal protocols used in this study were reviewed and approved by the Institutional Animal Care and Use Committee of The Rockefeller University and by the chief veterinarian of EPFL, the Service de la Consommation et des Affaires Vétérinaires of the Canton of Vaud, and the Swiss Office Vétérinaire Fé-déral. All animal experiments were done in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health and the Swiss Law for the Protection of Animals. P i starvation. Bacteria were grown to mid-exponential phase (OD 600 of 0.5) in 7H9 broth, washed twice, diluted to an OD 600 of 0.05 in P i -free 7H9 broth, and incubated at 37°C. CFU were enumerated at 0, 3, 5, 7, and 10 days by plating serially diluted culture aliquots on 7H10 agar.
Cell wall and ROS stress. Bacteria were grown to mid-exponential phase (OD 600 of 0.5) in 7H9 broth, diluted to an OD 600 of 0.05 in fresh 7H9 broth, and incubated at 37°C after the addition of SDS or H 2 O 2 at concentrations indicated below. CFU were enumerated at 0 and 24 h by plating serially diluted culture aliquots on 7H10 agar.
RNS stress. Bacteria were grown to mid-exponential phase (OD 600 of 0.5) in 7H9 broth and treated with the NO donor diethylenetriamineNONOate (DETA-NO; Sigma) essentially as described previously (34) except that complete 7H9 broth was used. DETA-NO was added at 0, 24, and 48 h. CFU were enumerated at 0 and 72 h by plating serially diluted culture aliquots on 7H10 agar.
Oxygen limitation. Survival of hypoxic conditions was assessed using an unstirred culture model of nonreplicating persistence (35) . Bacteria were grown to mid-exponential phase (OD 600 of 0.5) in 7H9 broth, diluted to an OD 600 of 0.05 in fresh 7H9 broth, and aliquoted in 1.5-ml screw-cap O-ring tubes (Sarstedt) with no headspace. Methylene blue (1.5 g/ml) was added to three control tubes as an oxygen indicator. Tubes were sealed with parafilm and incubated at 37°C. CFU from triplicate tubes were enumerated at 0, 30, 60, 100, and 200 days by plating serially diluted culture aliquots on 7H10 agar.
Transcriptional profiling. Bacteria grown at 37°C in 7H9 broth were maintained in early exponential phase for 4 days by daily dilution. Bacteria were harvested at an OD 600 of 0.2, and RNA was extracted and converted to labeled cDNA as described previously (36) . Cells were collected by centrifugation (3,320 ϫ g for 4 min) and snap-frozen on dry ice. RNA was harvested by dissolving frozen pellets in 1 ml TRIzol reagent (Gibco BRL) and bead beating for 30 s (3 times) with 0.5 ml of 0.1-mm diameter zirconia/silica beads (BioSpec Products). Cell debris was pelleted by cen-trifugation (3,320 ϫ g for 1 min), and the supernatant containing the RNA was transferred to a new tube containing 2 ml Phase Lock Gel I heavy (Eppendorf) and 300 l chloroform. After rapid inversion for 2 min, samples were centrifuged (3,320 ϫ g for 5 to 7 min) to separate phases and the top aqueous layer was removed and combined with 270 l isopropanol and 270 l of high-salt solution (0.8 M sodium citrate and 1.2 M NaCl). After 12 to 24 h at 4°C, RNA was pelleted, washed with 75% ethanol, and air dried briefly. DNA was removed by treatment with 6 units of DNase I (Ambion) for 30 min at 37°C. Final purification of RNA was performed using an RNeasy column (Qiagen).
To convert RNA to labeled cDNA for arrays, 0.5 to 2 g total RNA was combined with 4.4 g of random oligonucleotide hexamers and incubated for 2 min at 98°C. Samples were cooled on ice and combined with StrataScript reverse transcriptase buffer, 0.5 mM dATP/dGTP/dCTP, 0.02 mM dTTP, 1.5 nmol Cy3 or Cy5-dUTP (Amersham Biosciences), and 1.8 l StrataScript reverse transcriptase (Stratagene) in a total volume of 25 l. Samples were incubated for 10 min at 25°C and 90 min at 42°C. cDNA was purified using Microcon-30 (Amicon).
Oligonucleotides (Operon) were printed in microarrays at the University of Colorado Denver microarray core. For hybridization, oligonucleotide microarrays were prehybridized for 1 h in 5ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate), 1% bovine serum albumin (BSA), and 0.1% SDS and washed with H 2 O and isopropanol. Then, the microarray was spotted with 10 l of hybridization solution (labeled cDNA, 5 g tRNA, 2ϫ SSC, 25% formamide, and 0.1% SDS), covered with a glass coverslip, and hybridized at 54°C overnight. Microarrays were processed by washing briefly in 1ϫ SSC-0.05% SDS and then in 0.06ϫ SSC. Arrays were scanned with a GenePix 4000b scanner (Molecular Devices), and spot intensities were obtained by using GenePix Pro 6.0 (Molecular Devices). Data were analyzed with ArrayStar software using the Robust Multichip Averaging (RMA) with Quantile parameter for normalization. Differentially expressed genes were selected using a 2.0-fold-change cutoff. Differential gene expression was considered significant for P values of Ͻ0.05 by Student's t test. Complete microarray data will be made available on the Gene Expression Omnibus (GEO) database.
Quantitative reverse transcription-PCR (qRT-PCR).
For confirmation of the transcriptional profiling results, bacteria were grown to midexponential phase (OD 600 of 0.5) in 7H9 broth. To assess the response to P i starvation, bacteria were grown to mid-exponential phase in 7H9 broth and then washed twice and resuspended to an OD 600 of 0.05 in P i -free 7H9 broth. Cultures were incubated at 37°C, and bacteria were collected for RNA extraction at 0, 8, 24, 48, 72, and 96 h. Cells were collected by centrifugation (4,700 ϫ g for 10 min at 4°C), and RNA was extracted in 500 l of TRIzol (Invitrogen) plus 0.1% polyacryl carrier (Molecular Research Center) by bead beating with 0.1-mm zirconia beads (BioSpec). RNA was treated with Turbo DNase (Ambion) and reverse transcribed to cDNA using the SuperScript II first-strand synthesis kit and random hexamers for priming (Invitrogen). The reverse transcription reaction used the following cycling conditions: 10 min at 25°C for annealing, 50 min at 42°C for extension, and 15 min at 72°C for heat inactivation of SuperScript II enzyme. cDNA was stored at Ϫ20°C until real-time quantitative PCRs were performed.
Primers for real-time quantitative reverse transcription-PCR (qRT-PCR) specific for the 16S rRNA, sigA, pstS3, senX3, regX3, pitB, pstS1, pstS2, udgA, mgtA, rv0784, rv3026, pimC, and rv1387 genes were designed using Primer Express software (Applied Biosystems) with similar melting temperatures (58 to 60°C) and are listed in Table S3 in the supplemental material. Primers were tested in PCRs using 100 M. tuberculosis genome equivalents as the template, and products were analyzed by gel electrophoresis. Real-time quantitative PCRs were prepared with 2ϫ Sybr master mix (Applied Biosystems), 2 l cDNA, and 0.3 M primers and were run in absolute quantification mode on an ABI7900 real-time PCR machine (Applied Biosystems) using the following cycling conditions: 50°C for 2 min; 95°C for 10 min; 40 cycles of 95°C for 15 s and 60°C for 1 min with data collection during each cycle; and 95°C for 15 s, 60°C for 15 s, and 95°C for 15 s with 2% ramp rate during the final denaturation to generate melting curves for confirmation of product specificity. Mock reactions (no RT) were performed on each sample to confirm the absence of genomic DNA contamination. Cycle threshold C T values were converted to copy numbers using standard curves for each gene. Target cDNA was internally normalized to sigA cDNA (P i -rich cultures) or 16S cDNA (P istarved cultures).
Statistical analysis. Student's unpaired t test (one-tailed) was used for pairwise comparisons between wild-type and mutant strains of M. tuberculosis. The Mantel-Cox log-rank test was used for comparison of KaplanMeier plots of mouse survival. P values were calculated using GraphPad Prism 5.0 software (GraphPad Software, Inc.). P values of Ͻ0.05 were considered significant.
RESULTS
PstA1 is an M. tuberculosis counterimmune factor. In a previous report, we used a differential signature-tagged mutagenesis strategy to identify M. tuberculosis genes involved in counteracting IFN-␥-dependent immune mechanisms other than NOS2 (17, 25) . These "counterimmune" mutants replicated normally in IFN-␥ Ϫ/Ϫ mice but were attenuated for growth and virulence in NOS2 Ϫ/Ϫ mice. Three mutants were described previously (17, 25) . A fourth mutant harbored a transposon insertion in the gene pstA1 (rv0930), which encodes a membrane-spanning component of a putative Pst P i uptake system (20) . The pstA1::Tn mutant was severely attenuated for replication and virulence in NOS2 Ϫ/Ϫ mice but exhibited little or no attenuation in IFN-␥ Ϫ/Ϫ mice infected by either the intravenous or aerosol route (data not shown). These observations suggest that PstA1 is required to counteract an IFN-␥-dependent, NOS2-independent immune mechanism(s).
PstA1 counters an IFN-␥-dependent immune mechanism independent of NOS2, Irgm1, and Phox. To confirm that the pstA1::Tn mutant phenotypes were due to disruption of pstA1, we generated an unmarked, in-frame deletion of pstA1 in M. tuberculosis Erdman that removes all but the first 3 and last 6 codons of pstA1. The deletion leaves intact the upstream pstC2 gene and the downstream pknD gene. The ⌬pstA1 deletion was confirmed by PCR and Southern blot (Fig. 1A and B) . During routine culture, spontaneous mutations can arise that cause deficiency in the production of phthiocerol dimycocerosate (PDIM) (25) , a complex lipid that is required for full virulence of M. tuberculosis (30) . Therefore, we confirmed that the ⌬pstA1 mutant retained the ability to produce PDIM in vitro (Fig. 1C) . We also complemented the ⌬pstA1 mutation by introducing an episomal vector harboring pstA1 under the control of the pstS3C2A1 operon promoter (pMV-pstA1).
IFN-␥ Ϫ/Ϫ , NOS2 Ϫ/Ϫ , and Irgm1 Ϫ/Ϫ mice were infected by the aerosol route with ϳ100 CFU of M. tuberculosis wild type (WT), ⌬pstA1, or ⌬pstA1 pMV-pstA1 strains. Irgm1
Ϫ/Ϫ mice were included to test whether PstA1 is required to resist phagosome maturation and acidification mediated by this GTPase. In the lungs of IFN-␥ Ϫ/Ϫ mice, ⌬pstA1 bacteria replicated with kinetics similar to those of the WT (Fig. 2A) . We observed a small but reproducible (P ϭ 0.03) difference in CFU of WT and ⌬pstA1 strains at 4 weeks postinfection that was reversed by complementation. This modest replication defect had no discernible impact on virulence, since IFN-␥ Ϫ/Ϫ mice infected with WT or ⌬pstA1 bacteria succumbed to infection with similar kinetics (Fig. 2B) . These results indicate that the in vivo replication and virulence defects of ⌬pstA1 bacteria are dependent on activation of immune responses by IFN-␥.
Like the pstA1::Tn mutant, the ⌬pstA1 mutant exhibited marked replication and virulence defects in NOS2 Ϫ/Ϫ mice. During the first 2 weeks of infection, ⌬pstA1 bacteria replicated in the lungs of NOS2 Ϫ/Ϫ mice with kinetics indistinguishable from those of WT bacteria. Between 2 and 6 weeks postinfection, ⌬pstA1 CFU showed little change, whereas WT CFU increased by more than 100-fold (Fig. 2C) . Beyond 6 weeks, ⌬pstA1 CFU slowly increased. The in vivo replication defect of the ⌬pstA1 mutant was accompanied by significantly reduced virulence (Fig. 2D) . The mean survival time of NOS2 Ϫ/Ϫ mice infected with WT bacteria was 54 days, whereas all NOS2 Ϫ/Ϫ mice infected with ⌬pstA1 bacteria survived to 13 weeks postinfection, when the experiment was terminated (P Ͻ 0.0001). Complementation reversed the replication and virulence defects of ⌬pstA1 bacteria in NOS2 Ϫ/Ϫ mice ( Fig.  2C and D) . These results confirm that PstA1 is required to counteract an immune mechanism that is IFN-␥ dependent but NOS2 independent.
The ⌬pstA1 mutant was also attenuated for replication and virulence in Irgm1 Ϫ/Ϫ mice. As in NOS2 Ϫ/Ϫ mice, ⌬pstA1 bacteria replicated in the lungs of Irgm1 Ϫ/Ϫ mice with kinetics identical to those of WT bacteria during the first 2 weeks of infection, but replication was significantly impaired thereafter (Fig. 2E) . Pulmonary CFU of the ⌬pstA1 mutant in Irgm1 Ϫ/Ϫ mice showed little change between 4 and 12 weeks postinfection. The ⌬pstA1 mutant was also significantly less virulent (Fig. 2F) . The mean survival time of Irgm1 Ϫ/Ϫ mice infected with WT bacteria was 38.5 days, whereas all Irgm1 Ϫ/Ϫ mice infected with ⌬pstA1 bacteria survived to 13 weeks postinfection, when the experiment was terminated (P Ͻ 0.0001). Complementation reversed the replication and virulence defects of ⌬pstA1 bacteria in Irgm1 Ϫ/Ϫ mice ( Fig. 2E and  F) . These data suggest that PstA1 counteracts an IFN-␥-dependent immune mechanism that is independent of phagosome maturation mediated by Irgm1.
The IFN-␥-dependent attenuation of the ⌬pstA1 mutant might be explained by sensitivity of the mutant to the oxidative burst generated by phagocyte oxidase (phox). This hypothesis is consistent with in vitro experiments demonstrating hypersensitivity of the ⌬pstA1 mutant to reactive oxygen species (ROS) (see below). To examine this possibility, we monitored the replication and persistence of ⌬pstA1 bacteria in aerosol-infected gp91 phoxϪ/Ϫ mice lacking the enzymatic gp91 subunit of phox. The ⌬pstA1 mutant exhibited no replication defect during the first 2 weeks postinfection, but CFU began to decline at the transition between the acute and chronic phases of infection (Fig. 2H) . By 8 weeks postinfection, there was a statistically significant difference in the number of CFU recovered from the lungs of gp91 phoxϪ/Ϫ mice infected with WT or ⌬pstA1 bacteria that was maintained throughout the chronic phase of infection (Fig. 2H) . These results suggest that the ⌬pstA1 mutant is sensitive to an IFN-␥-dependent immune response that is independent of ROS produced by phox.
PstA1 is required for persistence in wild-type mice. The results of infections in immune-deficient mice suggested that PstA1 is important for bacterial resistance to host immune responses. Therefore, we investigated whether PstA1 is required for normal replication and persistence in aerosol-infected wild-type C57BL/6 mice. These mice are relatively resistant to M. tuberculosis and maintain a long-term chronic persistent infection in the lungs. Although ⌬pstA1 bacteria replicated in the lungs like WT bacteria during the acute phase of infection, between 2 and 4 weeks postinfection, ⌬pstA1 CFU began to decline (Fig. 2G) . By 8 weeks postinfection, ⌬pstA1 CFU were significantly reduced compared to WT CFU, and this difference was maintained throughout the chronic phase of infection. The persistence defect of the ⌬pstA1 mutant is consistent with a specific role for PstA1 in counteracting an IFN-␥-dependent adaptive immune response, since IFN-␥-producing T cells are not recruited to the lungs of aerosol-infected mice until 2 to 3 weeks postinfection (37) . Complementation of the ⌬pstA1 mutation restored persistence in C57BL/6 mice (Fig. 2G) . CFU of the ⌬pstA1 pMV-pstA1 strain were slightly reduced compared to WT CFU at 21 weeks postinfection but were significantly higher than CFU of the noncomplemented ⌬pstA1 mutant (P ϭ 0.006). These results demonstrate that PstA1 is required for M. tuberculosis persistence in wild-type mice, presumably because it contributes to bacterial resistance to IFN-␥-dependent immunity.
PstA1 is required for surviving phosphate starvation in vitro. To identify factors that might contribute to the IFN-␥-dependent attenuation of the ⌬pstA1 mutant, we tested the sensitivity of the mutant to various stress conditions in vitro. Because the M. tuberculosis Pst systems have previously been implicated in P i uptake under P i -limiting growth conditions (22), we compared replication of the ⌬pstA1 mutant in P i -rich and P i -limiting 7H9 broth cultures. The ⌬pstA1 mutant replicated with kinetics identical to those of WT bacteria in P i -rich medium (Fig. 3) . Under P i -limiting conditions, the ⌬pstA1 mutant exhibited a survival defect. CFU of the ⌬pstA1 mutant began to decrease between days 3 and 5, continued to fall until day 10, and were significantly different from the WT CFU (Fig. 4A) . The complemented strain survived during P i limitation similar to WT bacteria (Fig. 4A) , confirming that the M. tuberculosis Pst system is required for survival during P i starvation.
PstA1 is required for resistance to stress conditions in vitro. Because the results of experiments in immune-deficient mice suggested that the ⌬pstA1 mutant might be sensitive to an as-yet unidentified IFN-␥-dependent immune mechanism, we tested responses of the mutant to relevant stress conditions in vitro. Bacteria in exponential-phase P i -rich 7H9 broth cultures were exposed to hydrogen peroxide (H 2 O 2 ) or to the nitric oxide (NO) donor DETA-NO, and survival was monitored by enumerating CFU. The ⌬pstA1 mutant was more sensitive than WT bacteria to H 2 O 2 ( Fig. 4B) and NO (Fig. 4C) , and hypersensitivity to these stresses was reversed by complementation.
We also tested bacterial sensitivity to the detergent SDS, which causes perturbations to the mycobacterial cell wall (38) . The ⌬pstA1 mutant was hypersensitive to SDS over a range of concentrations (Fig. 4D) . Complementation restored WT levels of SDS resistance to the ⌬pstA1 mutant, confirming that SDS sensitivity was due to deletion of pstA1 (Fig. 4D) .
Lastly, we examined the survival of ⌬pstA1 bacteria in a model of hypoxia-induced nonreplicating persistence that recapitulates the reduced oxygen tension encountered by M. tuberculosis during growth within granulomas (39) . The ⌬pstA1 mutant exhibited a significant survival defect in this model, which was partially reversed by complementation (Fig. 4E) .
Although pstA1 deficiency conferred pleiotropic stress sensitivity phenotypes, it did not cause hypersensitivity to all stress conditions. For example, deletion of pstA1 did not confer increased sensitivity to high osmolarity or to several different classes of antibiotics (data not shown). We also note that the stress sensitivity assays reported above were performed in P i -rich 7H9 medium that is phosphate-buffered and contains 25 mM P i , a concentration 100-fold higher than is required for optimal growth of M. tuberculosis. The ⌬pstA1 mutant exhibited no growth defect in P i -rich 7H9 medium (Fig. 3) , suggesting that ⌬pstA1 bacteria are capable of acquiring sufficient P i for replication by alternative P i uptake mechanisms under these growth conditions. Indeed, the Pst high-affinity P i transporter is predicted to be dispensable for P i uptake when P i is abundant, since the M. tuberculosis genome encodes two alternative low-affinity P i transporters, PitA and PitB, that function when the external P i concentration is relatively high (18) . These observations suggested that PstA1 might have an important function separate from its role in P i uptake.
Transcriptome profiling identifies dysregulated genes in ⌬pstA1 bacteria. In other species, inactivation of the Pst system leads to constitutive expression of the P i -responsive regulon that is normally induced only during P i starvation. To test whether the M. tuberculosis Pst system performs a similar negative regulatory function, we performed transcriptome profiling experiments on WT and ⌬pstA1 bacteria grown to early exponential phase in P irich 7H9 broth. Compared to the WT, the ⌬pstA1 mutant reproducibly exhibited more than 2-fold overexpression of 41 genes and underexpression of 25 genes (see Table S4 in the supplemental material). Among the overexpressed genes were several related to P i uptake and metabolism, including pstS3, pstC2, pitB, and rv2577, which encodes a putative acid phosphatase (see Table S4 ). Genes encoding the two-component signal transduction system SenX3-RegX3 were also overexpressed by 2.6-fold and 1.8-fold, respectively, in the ⌬pstA1 mutant (see Table S4 ).
To confirm the transcriptome profiling results, we examined the levels of select dysregulated transcripts by real-time quantitative RT-PCR (qRT-PCR). The qRT-PCR results supported the microarray results. The senX3 and regX3 genes were overexpressed 4.5-fold and 2.9-fold, respectively, in the ⌬pstA1 mutant compared to the WT control (Fig. 5A) . Likewise, qRT-PCR confirmed that pstS3 and pitB were overexpressed 10-fold and 15-fold, respectively, in the ⌬pstA1 mutant (Fig. 5B) . M. tuberculosis encodes two alternative PstS substrate-binding proteins that were not identified as dysregulated in the microarray analysis; the levels of the pstS1 and pstS2 transcripts were unaffected by the ⌬pstA1 deletion (Fig. 5B) . Finally, we verified increased transcript levels for a set of genes that were highly overexpressed in the ⌬pstA1 mutant. We found that each of these genes was expressed at an increased level in the ⌬pstA1 mutant compared to the WT control, with fold changes in expression ranging from 8.6-fold for the mgtA transcript to 125-fold for the udgA transcript (Fig. 5C ). These observations suggest that pstA1 deficiency causes marked changes to the bacterial transcriptome that could affect cellular physiology.
SenX3-RegX3 is responsible for aberrant gene expression in ⌬pstA1 bacteria. Because the senX3 and regX3 genes are overexpressed in ⌬pstA1 bacteria and this system has previously been implicated in P i starvation-responsive gene regulation (23, 24) , we hypothesized that constitutive activation of SenX3-RegX3 causes aberrant gene expression in the ⌬pstA1 mutant. To test this possibility, we deleted regX3, encoding the DNA-binding response regulator, and performed transcriptional profiling experiments comparing ⌬regX3 and ⌬pstA1 ⌬regX3 mutants to WT bacteria. In the ⌬pstA1 mutant background, deletion of regX3 restored the expression of most dysregulated transcripts to WT levels (see Table S4 in the supplemental material), supporting our hypothesis. Deletion of regX3 alone likewise had little impact on transcript levels for this set of genes (see Table S4 ). We confirmed these transcriptional profiling results by qRT-PCR. For each transcript tested, deletion of regX3 alone had no impact on transcript levels whereas deletion of regX3 in the ⌬pstA1 mutant reversed the aberrant pattern of expression (Fig. 5) . Complementation of the ⌬pstA1 ⌬regX3 mutant by expressing regX3 from a plasmid (pNDregX3) restored the aberrant gene expression pattern characteristic of the ⌬pstA1 mutant (Fig. 5) .
Our transcriptional profiling analysis also revealed significant changes in gene expression compared to the WT control for both the ⌬regX3 and ⌬pstA1 ⌬regX3 mutants under the P i -rich growth conditions that we used (see Table S5 and S6, respectively, in the supplemental material). Most of the differentially expressed genes were underexpressed in the ⌬regX3 mutants compared to WT
FIG 4
Stress sensitivity of the ⌬pstA1 mutant. M. tuberculosis WT, ⌬pstA1, and ⌬pstA1 pMV-pstA1 (comp) were grown to mid-exponential phase in P i -rich 7H9 medium and then subjected to the indicated stresses. Bacterial CFU were enumerated by plating serially diluted cultures on 7H10 agar and incubating for 3 to 4 weeks at 37°C. Percent survival was calculated as (CFU poststress)/(CFU prestress) ϫ 100. Data shown are the means Ϯ standard deviations for three independent cultures from one representative experiment. Data in panels A to D are representative of at least three independent experiments. Data in panel E are representative of two independent experiments. Asterisks indicate statistically significant differences from WT (*, P Ͻ 0.05; **, P Ͻ 0.005; ***, P Ͻ 0.0001). (A) P i starvation. Bacteria were shifted to P i -free 7H9 medium, and CFU were enumerated at t ϭ 0, 3, 5, 7, and 10 days. bacteria (82 genes in the ⌬regX3 mutant and 69 genes in ⌬pstA1 ⌬regX3 mutant). These data suggest that RegX3 is required for maximal expression of certain transcripts, even when P i is abundant.
RegX3 is required for P i -responsive gene regulation. RegX3 has previously been implicated in the M. tuberculosis transcriptional response to P i starvation (23) . We hypothesized that genes whose expression is dysregulated in the ⌬pstA1 mutant might require RegX3 for their activation or repression during P i limitation. We examined the levels of several putative RegX3-dependent transcripts over time during growth in P i -limiting medium. We found that ugdA and mgtA were constitutively expressed in the ⌬pstA1 mutant and were induced in WT bacteria within 24 h of P i starvation in a RegX3-dependent manner (Fig. 6A and B) . Similar patterns of RegX3-dependent induction in response to P i starvation were observed for the pstS3 and pitB transcripts (data not shown). In contrast, the rv1387 transcript was constitutively repressed in the ⌬pstA1 mutant and repressed in a RegX3-dependent manner within 24 h of P i starvation in WT bacteria (Fig. 6C) . These data suggest that RegX3 can be activated either by P i limitation or by Pst deficiency.
Aberrant activation of RegX3 causes stress sensitivity in ⌬pstA1 bacteria. We hypothesized that sensitivity of the ⌬pstA1 mutant to stresses (Fig. 4) might be caused by constitutive activation of SenX3-RegX3. Deletion of regX3 had no impact on stress resistance in the WT background but suppressed the hypersensitivity of the ⌬pstA1 mutant to SDS (Fig. 7A ), H 2 O 2 (Fig. 7B) , and DETA-NO (Fig. 7C) . Stress hypersensitivity was restored by complementation of the ⌬pstA1 ⌬regX3 mutant with pND-regX3 (Fig.  7) . These results suggest that ⌬pstA1 bacteria are hypersensitive to stresses due to dysregulated gene expression rather than impaired P i uptake. To test whether phosphorylation-mediated activation of RegX3 is required for stress hypersensitivity, we introduced a point mutation in regX3 that converts the phosphorylated Asp at position 52 (40) to a nonphosphorylatable Ala (regX3D52A). The ⌬pstA1 regX3D52A double mutant was as resistant as WT bacteria to SDS and H 2 O 2 ( Fig. 7A and B) . These results suggest that the stress hypersensitivity of the ⌬pstA1 mutant under P i -rich conditions is due to dysregulated gene expression mediated by phosphorylation-activated RegX3.
RegX3-dependent gene expression mediates attenuation of ⌬pstA1 bacteria in NOS2 ؊/؊ mice. We hypothesized that the ⌬pstA1 mutant is hypersensitive to an IFN-␥-dependent immune mechanism because it is fully virulent in IFN-␥ Ϫ/Ϫ mice but attenuated in C57BL/6, NOS2 Ϫ/Ϫ , Irgm1 Ϫ/Ϫ , and gp91 phoxϪ/Ϫ mice (Fig. 2) . To examine whether aberrant gene expression mediated by RegX3 sensitizes the bacteria to host immune responses, we tested whether deletion of regX3 would restore replication competence and virulence to the ⌬pstA1 mutant in aerosol-infected mice. In contrast to the situation in vitro, in which deletion of regX3 alone had no impact on M. tuberculosis stress resistance, ⌬regX3 bacteria were impaired for acute-phase growth and chronic-phase persistence in the lungs of wild-type C57BL/6 mice (Fig. 8A) . The growth defects during the acute phase of infection were independent of IFN-␥, since the ⌬regX3 and ⌬pstA1 ⌬regX3 mutants were attenuated for virulence in IFN-␥ Ϫ/Ϫ mice compared to WT bacteria (P Ͻ 0.0001) (Fig. 8B) . The ⌬regX3 mutant was likewise impaired for growth in the lungs of Irgm1 Ϫ/Ϫ mice (Fig. 8C) , and Irgm1 Ϫ/Ϫ mice infected with the ⌬regX3 or ⌬pstA1 ⌬regX3 mutant survived at least 15 weeks longer than mice infected with WT bacteria (P Ͻ 0.0001) (Fig. 8D ). Although these results precluded a determination of whether or not aberrant gene expression mediated by RegX3 causes attenuation of the ⌬pstA1 mutant in C57BL/6 and Irgm1 Ϫ/Ϫ mice, nevertheless they confirm that signal transduction by the SenX3-RegX3 system is important for M. tuberculosis pathogenesis. In contrast, deletion of regX3 had little impact on M. tuberculosis replication in the lungs of NOS2 Ϫ/Ϫ mice (Fig. 8E) . Although the ⌬regX3 mutant exhibited a significant replication defect during the first 2 weeks of infection in NOS2 Ϫ/Ϫ mice (P ϭ 0.0002), by 6 weeks there was no significant difference in CFU recovered from the lungs of mice infected with WT or ⌬regX3 bacteria (P ϭ 0.76). Remarkably, deletion of regX3 partially restored the ability of the ⌬pstA1 mutant to replicate in the lungs of NOS2 Ϫ/Ϫ mice (Fig. 8E) . Bacterial loads were higher in the lungs of ⌬pstA1 ⌬regX3-infected mice than in ⌬pstA1-infected mice at 4 weeks (P ϭ 0.0006) and 6 weeks (P ϭ 0.0037) postinfection. The ⌬pstA1 ⌬regX3 double mutant also exhibited increased virulence in NOS2 Ϫ/Ϫ mice compared to the ⌬pstA1 mutant (P ϭ 0.0003) (Fig. 8F) . All NOS2 Ϫ/Ϫ mice infected with ⌬pstA1 ⌬regX3 bacteria succumbed to infection within 10 weeks, whereas all mice infected with ⌬pstA1 bacteria survived for at least 13 weeks, when the experiment was terminated (Fig. 8F ). These results demonstrate that regX3 deficiency is epistatic to pstA1 deficiency and suggest that the ⌬pstA1 mutant is attenuated in NOS2
Ϫ/Ϫ mice due to RegX3-mediated dysregulation of an as-yet-unidentified factor(s).
DISCUSSION
Immunocompetent individuals harboring persistent M. tuberculosis constitute a global reservoir of potentially transmissible bacteria, but the mechanisms that enable M. tuberculosis to survive host immune defenses remain poorly understood. We used a mouse infection model in combination with bacterial and host genetics to identify M. tuberculosis factors that counteract IFN-␥-dependent immunity (17) . We demonstrate that the M. tuberculosis P i uptake system component PstA1 is essential to counteract an IFN-␥-dependent immune response that is independent of RNS produced by NOS2, ROS produced by phox, or phagosome maturation driven by Irgm1. We further show that attenuation of the ⌬pstA1 mutant is caused, in part, by constitutive activation of the P i starvation-responsive signal transduction system SenX3-RegX3.
Previous studies suggested that the Pst system is required for M. tuberculosis replication in both macrophages and mice because its P i uptake function counteracts P i limitation experienced in host tissues (21, 22) . Our data challenge this interpretation. We demonstrate that the Pst system also participates in transcriptional control by negatively regulating the SenX3-RegX3 signal transduction system under P i -rich growth conditions. We provide evidence that this regulatory function of the Pst system is critical to survive host immune responses in the mouse infection model. The replication and virulence defects of ⌬pstA1 bacteria in NOS2 Ϫ/Ϫ mice are reversed by deletion of regX3, which also restores a wild-type gene expression pattern in P i -rich medium. Our results therefore support an alternative interpretation: that P i is readily available in host tissues and that the Pst system is required to sense this nutritional signal and prevent inappropriate activation of the RegX3 response regulator.
Our transcriptome profiling experiments revealed a set of 66 genes that were aberrantly expressed in the ⌬pstA1 mutant in a RegX3-dependent manner. We have confirmed by qRT-PCR that at least five of these genes require RegX3 for their induction or repression during P i limitation. In addition, half of the genes we identified are regulated at the transcriptional level in response to P i starvation (23) . We predict that these genes represent the Our results contrast with those of two previous reports that claimed to identify the M. tuberculosis RegX3 regulon. One study that analyzed the transcriptional response to P i starvation identified over 600 genes that were differentially expressed during P i limitation and suggested that these genes are controlled by SenX3-RegX3 (23) . Comparing the transcriptional profiles of bacteria grown in P i -rich versus P i -limiting conditions, as was done in this study, is problematic because many transcriptional responses to P i limitation may actually be secondary effects due to changes in metabolic activity or growth rate, instead of a specific response to the nutritional stress (41) . The relatively broad transcriptional response to P i starvation may therefore reflect global alterations in the activity of many transcription factors, rather than activation of RegX3 specifically. Our results also differ substantially from the previously reported RegX3 regulon that was identified by transcriptome profiling of a senX3-regX3 mutant grown in P i -rich medium (42) . Of the nearly 100 genes identified by this study, only two overlap either the putative RegX3-dependent genes that were dysregulated in the ⌬pstA1 mutant or the 80 genes that were differentially expressed by our ⌬regX3 mutant. Differences in the growth state of the cultures might account for these different results.
Our observations indicate that dysregulated gene expression mediated by RegX3 is responsible for hypersensitivity of the ⌬pstA1 mutant to diverse stress conditions in vitro and IFN-␥-dependent immune responses in vivo. This implies that a factor or factors controlled by RegX3 directly influences sensitivity to stress. However, most of the RegX3-dependent genes that we identified have not previously been implicated in stress responses or virulence, and they encode proteins of unknown function. Notable exceptions are the esxA, esxB, espA, and espE genes that encode secreted substrates of the virulence-associated ESX-1 secretion system (43) . Because these genes were underexpressed in the ⌬pstA1 mutant, it is possible that decreased ESX-1 secretion system activity attenuates ⌬pstA1 bacteria. Alternatively, one or more RegX3-dependent genes may influence the permeability or integrity of the mycobacterial cell wall, since the pleiotropic stress sensitivity of the ⌬pstA1 mutant resembles that of M. tuberculosis with cell wall defects (34) . Future studies will focus on identifying the specific RegX3-dependent factor(s) responsible for sensitivity to stress and to host immunity.
The IFN-␥-dependent immune mechanism(s) responsible for controlling the replication of ⌬pstA1 bacteria also remains undefined. The ⌬pstA1 mutant might be hypersensitive to a combination of IFN-␥-activated macrophage functions, for example, RNS produced by NOS2 plus phagosome acidification mediated by Irgm1. In this scenario, the ⌬pstA1 mutant would be attenuated in mice lacking either NOS2 or Irgm1 because the other can effectively control bacterial replication. This hypothesis is consistent with the hypersensitivity of the ⌬pstA1 mutant to multiple stress conditions in vitro. Alternatively, the ⌬pstA1 mutant might be sensitive to a known IFN-␥-dependent immune mechanism other than the effector mechanisms that we have tested, such as the ubiquitin-derived or hepcidin antimicrobial peptides (44, 45) . Finally, the ⌬pstA1 mutant could be sensitive to an as-yet-unidentified immune mechanism that is dependent on IFN-␥ activation. Because the phenotypes of the ⌬pstA1 mutant point to the potential existence of previously unrecognized IFN-␥-dependent immune system functions, we speculate that the ⌬pstA1 mutant could be used in genetic screens to discover these novel host factors. A host gene knockdown that reverses the in vivo growth and virulence defects of ⌬pstA1 bacteria would suggest that the ablated host factor is normally responsible for limiting replication of the ⌬pstA1 mutant.
We demonstrate that RegX3 is also essential for normal growth in wild-type mice and virulence in IFN-␥ Ϫ/Ϫ mice, consistent with a previous report that regX3-deficient bacteria are attenuated in immune-deficient SCID mice (42) . Because RegX3 mediates transcriptional responses to P i limitation, M. tuberculosis may experience P i starvation during replication in host tissues and require RegX3 to respond to this condition. This conclusion contrasts with our interpretation that P i is readily available in host tissues, since constitutive activation of RegX3 sensitizes ⌬pstA1 bacteria to host immune responses. There are two ways these conflicting interpretations could be reconciled. One possibility is that M. tuberculosis does experience P i limitation, but only at specific times postinfection or places within host tissue. Alternatively, one or more of the 80 genes that require RegX3 for maximal expression during growth in P i -rich conditions might be essential for replication in host tissue. It may be possible to address these hypotheses by monitoring the expression of RegX3-dependent genes during infection.
In summary, we have identified a signal transduction system that plays a critical role in M. tuberculosis immune evasion and persistence by controlling gene expression in response to P i availability. However, the molecular mechanisms by which the Pst system senses P i concentration and controls SenX3-RegX3 activity remain mysterious. In Escherichia coli, a similar collaboration between the Pst P i uptake system and the orthologous PhoBR twocomponent system was discovered over 2 decades ago. Despite intensive investigation, the molecular nature of the E. coli PstPhoBR interaction is still unclear (46) . Because communication between the Pst system and its cognate two-component signal transduction system is critical for virulence of M. tuberculosis and many other pathogens, characterization of this interaction may reveal novel targets for the development of antimicrobials with broad-spectrum activity.
